Abstract
Introduction

Pseudomonas aeruginosa is an opportunistic bacterial pathogen that causes a variety of serious infections in humans. Chronic pulmonary infections with P. aeruginosa are a major factor contributing to the mortality of cystic fibrosis patients and severely impair the quality of life and life expectancy of the patients. Acute infections are major problems in immunocompromised patients, burn victims and patients requiring mechanical ventilation
. [2] [3] [4] . ExoU possesses phospholipase A2 and lysophospholipase activities and is cytotoxic to mammalian cells [5] . [6] [7] .
Eradication of P. aeruginosa from hospital settings, where most of the susceptible individuals reside, is unfortunately considered impossible because of its intrinsic resistance to antibiotics and its ubiquitous occurrence in the environment. An inflammatory response is essential to clear pathogens from the site of infection. Hence, in order to create a unique and proper niche for their survival many pathogens have developed several mechanisms to modulate the host immune response. The overall importance of a Type III secretion system (T3SS) as a virulence mechanism to subvert the innate immune system has been well established for P. aeruginosa and several other bacterial pathogens of plants and mammals and is associated with poor clinical outcomes in P. aeruginosa infected patients
ExoS and ExoT are bifunctional proteins that contain a N-terminal Rho GTPase Activating Protein (GAP) domain which targets small Rho-like GTPases, such as Rho, Rac and Cdc42 to induce cytoskeletal rearrangements that inhibit bacterial internalization, and a C-terminal ademine dinucleotide phosphate (ADP)-ribosyltransferase (ADPRT) domain that mediates ADP-ribosylation of several host cell proteins [reviewed in 6]. ADP-ribosylation by ExoS demonstrates another mechanism by which ExoS can modulate cytoskeleton dynamics and also mediates cytotoxicity toward eukaryotic cells
Although they share 76% amino acid identity, ExoS and ExoT ADP-ribosylate different substrates. ExoS can ADP-ribosylate numerous host cell proteins including Ras, Ral, several Rabs, ezrinradixin-moesin (ERM) family proteins and cyclophilin A, whereas
ExoT ADP-ribosylates a more restricted subset of proteins, including the CT10 regulator of kinase (Crt) adaptor proteins [6] . 
Interleukin-1␤ (IL-1␤) is a major mediator of inflammation that initiates and amplifies a wide variety of effects associated with innate immunity and host responses to microbial invasion
Materials and methods
Bacterial strains, plasmids and other reagents
The P. aeruginosa laboratory strain PAK (which lacks the exoU gene) and mutants thereof with specific chromosomal deletions (⌬exoS, ⌬exoT, ⌬exoS/⌬exoT, ⌬exoS/⌬exoT/⌬exoY [7] ; ⌬popB [10] ; ⌬fliC (PAK⌬⑀fliC) [11] 
Cytokine bioassays
Biologically active IL-1 and IL-6 present in BALF or cell supernatants was determined as described before in specific bioassays [14] .
Cell death assays
Caspase-3-like activity was measured by incubating cell extracts with Ac-DEVD-AMC and monitoring the release of 7-amino-4-methyl coumarin
(AMC) in a fluorometer as described previously [15] . Propidium iodide (PI) exclusion was measured by quantitative flow cytometry as described previously [16] . 
Results
ExoS inhibits P. aeruginosa induced proteolytic maturation and secretion of IL-1␤
aeruginosa. Prior to infection, macrophages were prestimulated for 4 hrs with 100 ng/ml LPS to up-regulate proIL-1␤ expression levels, resulting in a 500-fold higher production of bioactive mature IL-1␤ upon subsequent infection (data not shown). LPS stimulation resulted in a strong induction of pro-IL-1␤ in macrophages, but did not result in the secretion of mature IL-1␤ into the medium (data not shown). This is in line with previously published data showing that LPS treatment as such does not result in the Caspase-1 mediated production of mature IL-1␤ [17]. However, infection of LPS stimulated macrophages with ExoS deficient bacteria resulted in the significant maturation of proIL-1␤, whereas IL-1␤ maturation in response to
Inhibition of IL-1␤ maturation by ExoS is mediated by its ADPRT activity
ExoS is a bifunctional protein possessing a N-terminal GAP domain and a C-terminal ADPRT domain. To investigate the contribution of each of these activities in the inhibition of IL-1␤ maturation by ExoS in P. aeruginosa infected cells, we analysed the levels of mature IL-1␤
CFU of either wild-type (WT) or ExoS/ExoT double deficient P. aeruginosa that were reconstituted with either ExoS WT or ExoS whose ADPRT (ExoS ADPRT-), GAP (ExoS GAP-), or both the GAP and ADPRT (ExoS GAP-/ADPRT-) activity, were catalytically inactivated by site specific mutagenesis. Equal reconstitution of ExoS was confirmed by SDS-PAGE of supernatants of bacteria whose T3SS was induced in vitro by calcium depletion (adding 5 mM EGTA to the medium), followed by protein Coomassie staining (lower panel). The identity of ExoS was also confirmed by western blotting and immunodetection with HRP-coupled anti-His antibodies (data not shown). Non-infected (NI) salineexposed mice were used as a control. Six hrs after infection, BALF and total lung cell extracts were isolated and analysed by SDS-PAGE and western blotting for the presence of mature IL-1␤ (middle panel). The corresponding total lung extracts were also analysed by western blotting for the presence of proIL-1␤ (upper panel). Results are representative of a minimum of five different mice per experimental condition.
was previously attributed to respective T3SS proteins SipB [17] and IpaB [18] , [19, 20] [7] . On the other hand, bacteria-induced cell death that relies on caspase-1 and which is associated with membrane permeabilization has been referred as pyroptosis [21] .
which are part of the bacterial transmembrane needle complex that is inserted into the eukaryotic cell membrane. As a result, SipB or IpaB deficient bacteria are unable to translocate any proteins via the T3SS into the host cell. In P. aeruginosa, PopB is the functional homologue of SipB and IpaB. To investigate whether a translocation competent T3SS is needed for Caspase-1 activation by P. aeruginosa, we compared the effect of ExoS deficient and ExoS/PopB double deficient P. aeruginosa to induce IL-1␤ maturation in LPS pretreated macrophages. Whereas cells infected with ExoS deficient bacteria secreted large amounts of mature IL-1␤, cells infected with ExoS/PopB double deficient bacteria did not produce any detectable IL-1␤ [Fig. 3, compare lanes 3 and 6]. In contrast, pro-IL-1␤ levels were unaffected by the absence of PopB, indicating that PopB is needed to trigger the proteolytic maturation and secretion of IL-1␤. Similar results were obtained when the effect of PopB was analysed in the in vivo mouse infection model described earlier in this study (data not shown). These data clearly demonstrate that the formation of a translocation competent T3SS is essential to trigger Caspase-1 activation and IL-1␤ maturation. Recently, it was shown that cytoplasmic Flagellin contributes to Caspase-1 activation via a T3SS-dependent mechanism in the case of Salmonella infection. It was speculated that a small amount of flagellin is translocated through the T3SS needle complex into the host cell cytoplasm, where it is then sensed by Ipaf as part of the inflammasome
. To investigate whether P. aeruginosa Flagellin is involved in Caspase-1 activation, we compared the effect of ExoS deficient and ExoS/FliC (Flagellin) double deficient P. aeruginosa to induce IL-1␤ maturation in LPS pretreated macrophages. The lower bacterial cell motility of FliC and ExoS/FliC deficient bacteria can be expected to lower the potential of these bacteria to infect macrophages, which would complicate the interpretation of potential differences in IL-1␤ maturation. We therefore increased the infection time from 2 hrs in the case of FliC positive bacteria to 5.5 hrs in the case of FliC negative bacteria
ExoS is required for P. aeruginosa induced apoptosis but not pyroptosis
P. aeruginosa is known to induce apoptosis and caspase-3 activity in several cell types via a mechanism that requires ExoS
To analyse if the increased caspase-1 mediated IL-1␤ maturation that we observed in macrophages infected with ExoS deficient bacteria is associated with a change in the mode of cell death, we measured caspase-3-like activity and membrane permeabilization in macrophages that were infected with wild-type bacteria or ExoS deficient bacteria. Production of mature IL-1␤ was used as a control for caspase-1 activity. In agreement with our findings that ExoS inhibits caspase-1 activation, IL-1␤ maturation was significantly increased upon infection
Pro-IL-1β
Cell 
Mf4/4 macrophages were pre-stimulated for 4 hrs with 50 ng/ml LPS and either not infected (NI) or infected with P. aeruginosa wild type (WT) or P. aeruginosa deficient in ExoS, PopB, Flagellin (FliC) or their combination as indicated. To correct for a decreased infection capability of FliC deficient bacteria due to their reduced mobility, incubation time was increased from 2 hrs in the case of WT and ExoS deficient bacteria to 5.5 hrs in the case of FliC and FliC/ExoS deficient bacteria, leading to comparable cytotoxicity. Culture supernatants (SN) were collected and IL-1␤ was immunoprecipitated and analysed by SDS-PAGE and western blotting for the presence of mature IL-1␤ (upper panel). The corresponding total cell lysates were also analysed by western blotting for the presence of pro-IL-1␤ (lower panel). Results are representative of three independent experiments.
with ExoS deficient bacteria compared to wild-type bacteria (Fig. 4 (Fig. 4, lower panel) 
